The intermediate laboratory courses at the Department of Physics, University of Helsinki, were reformed using desired learning outcomes as the basis for design. The reformed laboratory courses consist of weekly workshops and small-group laboratory sessions. Many of the laboratory exercises are open-ended and have several possible ways of execution. They were designed around affordable devices, to allow for the purchase of multiple sets of laboratory equipment. This allowed students to work on the same problems simultaneously. Thus, it was possible to set learning goals which build on each other. Workshop sessions supported the course by letting the students solve problems related to conceptual and technical aspects of each laboratory exercise. The laboratory exercises progressed biweekly to allow for iterative problem solving. Students reached the learning goals well and the reform improved student experiences. Neither positive or negative changes in expert-like attitudes towards experimental physics (measured by E-CLASS questionnaire) were observed.
teaching of the lecture classes. 48 The final set of assignments had to respond to multiple pedagogical, practical and economical 49 aspects. In every turn, we tried to come up with exercises that could be worked out in multiple 50 ways. At the same time the physics had to be reasonably simple to allow meaningful exploration. 51 After the list of assignments was deemed sufficient, we assigned suitable learning goals to each 52 and wrote a detailed grading rubric for each assignment. The level for grade 1 (pass) was set as a 53 minimum requirement, 3 as a recommended level that would be sufficient for future studies, and 5 for 54 excellence that involved recursive optimization of the laboratory set-up for the particular problem. 55 The students were not required to pass every learning goal of every assignment, but all assignments 56 had to be passed with a minimum average grade of 1/5. An example of the grading rubric is shown 57 in the online supplement S1. 58 The course grade was formed by lab assignment grades (75%) and problem solving exercise 59 grades (25%). The problem solving exercises contained visualization and analysis of data, error 60 analysis and pen-and-paper calculations to recap the concepts of the physics behind the phenomena. week. The actual laboratory sessions were held a couple of days later, to allow time for planning.
66
The workflow is presented in Fig. 1 and the assignments, problem-solving exercises and learning 67 goals in Table 1 .
68

B. Elements of openness in the labs
69
The degree to which labs were open varied in three aspects: experiment design, approach to data 70 analysis, and application. Some labs, such as Lab I-1 and Lab I-3, were open in all these aspects 71 (see Table 1 ), whereas in Lab II-1, the equipment was completely fixed, but the computational 72 application open. In assignments I-2, II-2 and II-3, the students had small choices in experiment 73 Table 1 Lab assignments with their associated learning goals and the problem solving exercise tasks. As a resource to instructors, this article is accompanied online with the descriptions of the lab assignments and the list of equipment and their associated costs (online supplements S2 and S3, respectively.)
Assignment description
Learning goal areas (see section II) -Theoretical modelling -Extracting measurable predictions from the theory -Using the theory to optimize the experiment -Learning the theoretical basis of the problem with guidance and scaffolding as needed design, which then influenced their data analysis options.
Exercise activities
74
In general, the degree of freedom in the laboratory decreased from course I to course II. The 75 learning goals of the latter course were focused on developing mathematical models and imple- The lab, in which students built a photodetector, contained the most freedom for independent 82 application (see online supplement S2) in both design choices and independent application. Stu-83 dent reasoning for choosing an LDR or phototransistor based design followed their experience in 84 electronics. Students less familiar with the components mainly opted for LDRs, while others chose 85 phototransistors, being aware of their better sensitivity and faster response time.
86
The calibration procedures differed vastly. Students were more prone to suggest ideas that 87 added light sources than reduced the amount of light. Many groups first suggested calibrating the 88 sensor by varying the number of light sources (e.g. identical LEDs). These students were prompted 89 to consider the directionality of the sources and the sensor. Most then tinkered with the geometry 90 of the sources, but one group asked for variable resistors to control the LED voltage. Students 91 wanting to vary the source-to-detector distance faced the unavailability of point-like, uniform light 92 sources. A common solution was a screen with a small hole.
93
Some groups blocked parts of the field of view of the sensor, while others chose polarizers or ND 94 filters. Students also suggested less feasible ideas, such as varying the brightness of a laptop screen.
95
Assumption of a linear relationship between the screen brightness and the scale given by the device 96 was soon found out not to hold.
97
For application, students were encouraged to come up with research ideas of their own, but 98 most of them gravitated towards questions given by the instructor (see supplement S2). The most 99 popular ones were investigating the flickering of fluorescent tubes or determining the resistors' 100 response curve of the sensor they had built. Some groups opted to study ideas that they had 101 6 abandoned as calibration procedures, for example looking at (r, I) for an unmodified source, or the 102 intensity emitted by a laptop screen as a function of screen brightness.
103
A common challenge in the application phase was that the phenomenon to be studied was, 104 in fact, not in the calibrated region. Some students switched or modified research questions, while 105 others redid their calibration. Some extrapolated their calibration curves. Students were encouraged 106 to think about the implication of this for the reliability of the results. Learning outcomes were assessed with a grading rubric, specific for each laboratory assignment.
127
Grading was done wholly by the staff, except for Lab I-1, where a poster (for a report) was peer- modest, and the benefits of making the students examine in detail and apply a grading rubric were, 133 in our opinion, more important.
134
In general, student performances were at a satisfactory level. The majority of students reached 135 grade 3 -the level sufficient for future studies (see Figure 2 for the grade distribution and online 136 supplement S1 for an example of the grading rubric). Students who failed, but who had made a 137 sincere effort, were given an opportunity to amend reports for a passing grade.
138
Table 2 E-CLASS average score for the full-length courses in 2016 (N = 32) and 2017 (N = 29), E-CLASS average and standard error of the mean. "Own" refer to questions phrased "What do you think?" and "Phys" to questions phrased "What would an experimental physicist say?"
Test
Own We used a verified Finnish translation of the E-CLASS survey [9] to study student attitudes.
140
The students were asked to fill in the survey at the beginning of Course I and at the end of Table 2 .
147
There was no significant change in students' expert-like attitudes during the course in either test was collected during Lab I-1, which explicitly prompts students to pick a problem of their 153 choosing, but students clearly did not consider this as "usually thinking up their own questions".
154
Also for statement 10, "Whenever I use a new measurement tool, I try to understand its performance 155 limitations", students admitted to not working as they expect experts to do. This is in stark contrast 156 to e.g. statements 1 ("When doing an experiment, I try to understand how the experimental setup works") and 8 ("When doing an experiment, I try to understand the relevant equations"), where 158 students say they act in an expertlike manner.
159
Our students have a moderately high understanding on what experimental physicists feel about 160 physics experiments (overall, 77% agreement with experts). Reassuringly, students answers for 161 their own work did not differ from perceived expert opinion and was on average favourable in 162 the statements 20 and 25: "I enjoy building things and working with my hands" and "Nearly all 163 students are capable of doing a physics experiment if they work at it" (see Figure 3 ). The trend 164 is that students are not confident that they can resolve problems without guidance. They try to 165 understand the experimental set-up and the theory, but pay less attention to the way the devices 166 work. However, they enjoy working in the lab and believe they could be good at doing research.
167
Also, the students, by their own admission, felt that the course contents are highly likely to be 168 useful in their future studies. "My prior knowledge was sufficient" 4.0±0.8 3.8±0.9 "The course was easy" 2.8±0.7 2.4±0.7
"The course demanded little work compared to ECTS" 2.3±0.8 2.0±0.5
"As a whole, the course deserves the grade" 4.2±0.7 4.0±0.6
Our laboratory courses were designed to address these problems. The laboratory exercises were 202 mostly open-ended with no single right answers, and typically several different approaches were 203 possible. We also wanted to foster collaboration skills in students and provide room for iteration of 204 measurement strategy. These goals were reached with a very reasonable budget.
205
While we did not see gains in expert-like attitudes towards experimental physics, as measured 206 by E-CLASS, we also saw no losses. Through the E-CLASS, we gained the knowledge that students 207 have a fairly good grasp of what experimental physicists think when doing experiments.
208
Overall, the reform was a success. The majority of students achieved the set learning goals and 209 student feedback shows that the course difficulty level was appropriate: easy to begin but demanding 210 hard work in a rewarding way. Students expect their learning to be useful in their future studies, 211 and they showed high accountability.
212
List of online supplements 213 S1: An example of a grading rubric 
